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The emergence of drug-resistant influenza A virus (IAV) strains represents a serious threat to global human health and under-
scores the need for novel approaches to anti-influenza chemotherapy. Combination therapy with drugs affecting different IAV
targets represents an attractive option for influenza treatment. We have previously shown that the thiazolide anti-infective nita-
zoxanide (NTZ) inhibits H1N1 IAV replication by selectively blocking viral hemagglutinin maturation. Herein we investigate the
anti-influenza activity of NTZ against a wide range of human and avian IAVs (H1N1, H3N2, H5N9, H7N1), including amanta-
dine-resistant and oseltamivir-resistant strains, in vitro. We also investigate whether therapy with NTZ in combination with the
neuraminidase inhibitors oseltamivir and zanamivir exerts synergistic, additive, or antagonistic antiviral effects against influ-
enza viruses. NTZ was effective against all IAVs tested, with 50% inhibitory concentrations (IC50s) ranging from 0.9 to 3.2 �M,
and selectivity indexes (SIs) ranging from >50 to >160, depending on the strain and the multiplicity of infection (MOI). Combi-
nation therapy studies were performed in cell culture-based assays using A/Puerto Rico/8/1934 (H1N1), A/WSN/1933 (H1N1), or
avian A/chicken/Italy/9097/1997 (H5N9) IAVs; dose-effect analysis and synergism/antagonism quantification were performed
using isobologram analysis according to the Chou-Talalay method. Combination index (CI) analysis indicated that NTZ and
oseltamivir combination treatment was synergistic against A/Puerto Rico/8/1934 (H1N1) and A/WSN/1933 (H1N1) IAVs, with
CI values ranging between 0.39 and 0.63, independently of the MOI used. Similar results were obtained when NTZ was adminis-
tered in combination with zanamivir (CI � 0.3 to 0.48). NTZ-oseltamivir combination treatment was synergistic also against the
avian A/chicken/Italy/9097/1997 (H5N9) IAV (CI � 0.18 to 0.31). Taken together, the results suggest that regimens that combine
neuraminidase inhibitors and nitazoxanide exert synergistic anti-influenza effects.

Despite large immunization programs, influenza remains a
public health concern, causing an average of 36,000 deaths

annually in the United States and approximately 250,000 to
500,000 deaths worldwide (1). The etiological agent of the disease,
the influenza viruses, are enveloped, negative-stranded RNA vi-
ruses, belonging to the family Orthomyxoviridae, classified in three
types (A, B, and C), of which the A type is clinically the most
important (2). The genomes of influenza A viruses consist of eight
single-stranded RNA segments that encode a variety of structural
and nonstructural proteins, including the main surface glycopro-
teins, hemagglutinin (HA) and neuraminidase (NA), of which 18
HA (H1 to H18) and 11 NA (NA1 to NA11) subtypes have been
identified so far (2) and the transmembrane ion channel M2 pro-
tein, required for virus uncoating (3).

Influenza A viruses (IAV) represent a major health threat, since
they may cross species barriers as a whole and adapt to a new host,
having thus the potential to cause devastating pandemics (4). In
March 2009, a novel strain of influenza A/H1N1 with the ability to
transmit readily between humans emerged, resulting in a rapid
global spread (5). In addition, the emergence of highly pathogenic
avian influenza (HPAI) viruses in domestic poultry and the in-
creasing number of cases of direct transmission of avian influenza
viruses to humans represent a major risk, confirmed by the ongo-
ing outbreak of HPAI H5N1 viruses in the bird population, which
has caused a nearly 50% case fatality rate among the people in-
fected (4–6). In addition to the H5N1 IAV, on 31 March 2013,
China notified the WHO of the first human cases of a novel avian
IAV (H7N9) causing severe illnesses, characterized by rapidly pro-
gressive pneumonia, respiratory failure, acute respiratory distress
syndrome (ARDS), and fatal outcomes (7).

Whereas vaccines are the best option for the prophylaxis and
control of a pandemic, the lag time between virus identification
and vaccine distribution may exceed 6 months; concerns regard-
ing vaccine safety are also a growing issue (8). In the short term,
antiviral therapy is vital to control the spread of influenza.

Two therapies are currently licensed in the United States to
treat influenza infections: the M2 ion channel blocker adaman-
tane drugs (amantadine and rimantadine), which are now rarely
used because of widespread resistance due to amino acid substi-
tutions in the transmembrane domain of M2 protein (9), and the
NA inhibitors oseltamivir (Tamiflu) and zanamivir (Relenza),
which impair the efficient release of viruses from infected host
cells. Also for NA inhibitors, in particular in the case of oseltami-
vir, drug-resistant variants continue to emerge (10). Because of
the emergence of drug-resistant IAV strains, combination chemo-
therapy with drugs affecting different viral targets represents an
attractive option for influenza treatment. On this basis, novel an-

Received 28 July 2014 Returned for modification 18 August 2014
Accepted 25 November 2014

Accepted manuscript posted online 1 December 2014

Citation Belardo G, Cenciarelli O, La Frazia S, Rossignol JF, Santoro MG. 2015.
Synergistic effect of nitazoxanide with neuraminidase inhibitors against influenza
A viruses in vitro. Antimicrob Agents Chemother 59:1061–1069.
doi:10.1128/AAC.03947-14.

Address correspondence to M. Gabriella Santoro, santoro@bio.uniroma2.it.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.03947-14

February 2015 Volume 59 Number 2 aac.asm.org 1061Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1128/AAC.03947-14
http://dx.doi.org/10.1128/AAC.03947-14
http://aac.asm.org


tiviral drugs effective against different strains of influenza viruses
are therefore highly needed. In a context of multiple-drug therapy,
it would be particularly valuable to develop drugs attacking the
pathogen at a stage of the replication cycle different from that
attacked by the currently available anti-influenza drugs.

We have previously shown that nitazoxanide (NTZ), a thia-
zolide anti-infective licensed in the United States (Alinia; Romark,
Laboratories, USA) for treating enteritis caused by Cryptospo-
ridium parvum and Giardia lamblia in children and adults (11–
13), inhibits the replication of influenza A/Puerto Rico/8/1934
(H1N1) (PR8) virus in in vitro models (14). Importantly, thia-
zolides behave differently from other anti-influenza drugs, acting
via a novel mechanism. These drugs do not affect virus infectivity,
binding of or entry into target cells, and they do not cause a general
inhibition of viral protein expression, whereas they selectively
block the maturation and intracellular transport of the viral hem-
agglutinin (14). In particular, by using different biochemical ap-
proaches, we have shown that thiazolides block HA terminal gly-
cosylation at a stage preceding resistance to endoglycosidase H
digestion, which is a marker for transport into the cis and middle
Golgi compartments. Immunomicroscopy studies and analysis of
viral particles produced by infected cells also showed that the thia-
zolide-induced alterations impair HA0 trafficking between the en-
doplasmic reticulum and the Golgi complex, preventing its trans-
port and insertion into the host cell plasma membrane, thus
blocking the exit of mature virions from host cells (14).

In the present study, the antiviral activity of NTZ was tested
against a variety of human and avian influenza A strains, including
strains resistant to oseltamivir or amantadine, confirming that the
drug is effective against all strains tested. Combination therapy
studies were then undertaken to investigate whether NTZ could be
combined additively, synergistically, or antagonistically with osel-
tamivir or zanamivir, using as a model the PR8 and A/WSN/1933
(H1N1) (WSN) IAVs and the avian low-pathogenicity strain
A/chicken/Italy/9097/1997 (H5N9) (A/Ck) virus.

MATERIALS AND METHODS
Cell culture and treatments. Madin-Darby canine kidney (MDCK) cells
and human A549 alveolar type II-like epithelial cells (A549) (American
Type Culture Collection, Manassas, VA) were grown at 37°C in a 5% CO2

atmosphere in RPMI 1640 medium (Gibco-Invitrogen, Carlsbad, CA)
supplemented with 10% fetal calf serum (FCS), 2 mM glutamine, and
antibiotics. Nitazoxanide (Romark Laboratories LC, Tampa, FL) dis-
solved in a dimethyl sulfoxide (DMSO) stock solution (25 mg/ml) was
diluted in culture medium and added to infected cells immediately after a
1-h adsorption period. Controls received equal amounts of the DMSO
vehicle (0.01 to 0.2% final concentration), which did not affect cell viabil-
ity or virus replication. The NA inhibitors zanamivir, oseltamivir phos-
phate (oseltamivir) (Waterstone Technologies, Carmel, IN) and its active
metabolite oseltamivir carboxylate (CHEMOS GmbH, Regenstauf, Ger-
many) were dissolved in aqueous solution. For the combination studies,
confluent cell monolayers were treated with different concentrations of
the NA inhibitors for 30 min before infection, and treatment was repeated
immediately after the virus adsorption period. All compounds were main-
tained in the medium for the duration of the experiment. Each concen-
tration of each compound was tested in duplicate, and each experiment
was repeated at least 3 times.

Cytotoxicity assay. Cell viability was determined in quadruplicate in
mock-infected cells treated with different concentrations of NTZ, oselta-
mivir phosphate, oseltamivir carboxylate, or zanamivir, alone or in com-
bination, by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) to MTT formazan conversion assay (Sigma-Aldrich), as

previously described (14). All cytotoxicity assays were performed in
mock-infected cells under the same culture conditions, including cell den-
sity and time of treatment, as the ones described for antiviral assays. The
50% lethal dose (LD50) was calculated using Prism 5.0 software (Graph-
Pad Software Inc., San Diego, CA). Microscopic examination of mock-
infected or virus-infected cells was performed using a Leica DM-IL mi-
croscope, and images were captured on a Leica DC 300 camera using Leica
Image-Manager500 software.

Virus preparation and infection. The following IAV strains were used
in the study: A/Puerto Rico/8/1934 (H1N1) (PR8), A/WSN/1933 (H1N1)
(WSN), amantadine-resistant A/Parma/06/2007 (H3N2) (AMD-R), osel-
tamivir-resistant A/Parma/24/2009 (H1N1) (OST-R), the human vaccine
strain A/California/7/2009 (H1N1pdm09) (A/CA/7/09), and the avian
low-pathogenicity A/chicken/Italy/9097/1997 (H5N9) (A/Ck), A/goose/
Italy/296246/2003 (H1N1) (A/Gs), and A/turkey/Italy/RA5563/1999
(H7N1) (A/Tk) viruses. One influenza B virus, the B/Parma/3/2004 clin-
ical isolate, was also tested. The resistant AMD-R and OST-R strains, the
human A/CA/7/09 vaccine strain, the avian A/Ck, A/Gs, and A/Tk strains,
and the B/Parma/3/2004 clinical isolate were a kind gift from Isabella
Donatelli (Istituto Superiore di Sanità, Rome, Italy). Influenza A viruses
were grown in the allantoic cavity of 8- or 10-day-old embryonated eggs
(14, 15). After 48 h at 37°C, the allantoic fluid was harvested and centri-
fuged at 5,000 rpm for 30 min to remove cellular debris, and virus titers
were determined by plaque assay according to standard procedures (16,
17). Confluent MDCK or A549 cell monolayers were mock infected or
infected with the different influenza viruses for 1 h at 37°C at a multiplicity
of infection (MOI) of 10 plaque forming units (PFU)/cell, unless differ-
ently specified. After the adsorption period, the viral inoculum was re-
moved, and cell monolayers were washed three times with phosphate-
buffered saline (PBS). Cells were maintained at 37°C in RPMI 1640
culture medium containing 2% FCS. For multistep virus growth curves,
confluent MDCK or A549 cell monolayers were infected with the PR8 or
WSN influenza virus for 1 h at 37°C at an MOI of 0.01 PFU/cell. After the
1-h adsorption period, the viral inoculum was removed, and cell mono-
layers were washed three times with PBS. Cells were maintained at 37°C in
RPMI 1640 culture medium containing 0.5% bovine serum albumin
(BSA) and L-1-tosylamide-2-phenylethyl chloromethyl ketone (TPCK)-
treated trypsin (0.5 �g/ml) (Sigma-Aldrich).

Virus titration. Virus yield was determined 24 and 48 h postinfection
(p.i.) by HA titration as previously described (16), by plaque assay, or by a
50% tissue culture infective dose (TCID50) infectivity assay. For the
plaque assay, serial 10-fold dilutions of the different IAVs were prepared
and inoculated on confluent MDCK cell monolayers in 35-mm plates.
After 1 h at 37°C, the inoculum was removed and the cells were washed
three times with PBS before the addition of RPMI containing 0.5% BSA,
0.5 �g/ml TPCK-treated trypsin, and 0.6% SeaPlaque agarose (Lonza,
Rockland, ME, USA). After 48 to 72 h (depending on the viral strain) at
37°C, the overlay was removed and cells were fixed with methanol and
stained with 1% crystal violet (Sigma-Aldrich). For the TCID50 infectivity
assay, MDCK cells grown on 96-well plates were inoculated with serial
dilutions of viral suspension in the presence of 1 �g/ml TPCK-treated
trypsin for 48 h at 37°C in a 5% CO2 atmosphere. The presence of virus
replication was confirmed by immunocytochemical staining with anti-NP
monoclonal antibodies (clone InA108, MAB1272; Abnova), as described
previously (14). Prior to being stained, cells were fixed overnight in 2%
phosphate-buffered formalin at 4°C and then washed 3 times with PBS.
Subsequently, cells were incubated with 0.5% NP-40 (Sigma-Aldrich) for
20 min at 4°C. Following permeabilization, cells were washed 3 times with
PBS and incubated overnight with a 1:250 dilution of anti-NP monoclo-
nal antibodies at 4°C. After being washed with PBS, cells were incubated
with a 1:300 dilution of an Alexa Fluor 488-conjugated secondary anti-
body (Invitrogen) for 1 h at room temperature. After staining, cells were
examined using a Leica DM-IL fluorescence microscope equipped with
UV excitation filters. Virus titers, expressed as TCID50s/ml, were calcu-
lated by the method of Reed and Muench, as described previously (17).
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The 50% inhibitory concentrations (IC50s) and IC90s of the different an-
tiviral compounds were calculated using Prism 5.0 software.

Statistical analysis and drug synergism studies. Statistical analysis
was performed using the Student t test for unpaired data. Data are ex-
pressed as the means � standard deviations (SD) of results from quadru-
plicate samples. P values of �0.05 were considered significant.

For the analysis of drug synergism, the effect of treatment of MDCK
and A549 cells with NTZ and the NA inhibitors, alone or in combination,
on influenza A virus infection was investigated using isobologram analy-
sis, according to the Chou-Talalay theory that provides algorithms for
automated computer simulation for synergism and/or antagonism based
on the median-effect equation derived from the mass action law (18, 19)
and by CalcuSyn Windows software for dose-effect analysis and syner-
gism/antagonism quantification (Biosoft, Cambridge, United Kingdom)
(20). The conservative isobologram assumes that two drugs have indepen-
dent or dissimilar modes of actions (21). For the constant-ratio (IC50

ratio) two-drug combination design, the combination of the drugs at their
equipotent ratio (the ratio of their IC50s) was chosen. After the ratio was

set, a mixture of the two drugs at 4-fold their IC50s was prepared. The
mixture was serially diluted (2-fold dilutions, 4:2, 2:1, 1:0.5, and 0.5:0.25)
to obtain a wide dosage range, as indicated in the CalcuSyn standard
protocol. For single-drug treatment, serial dilutions were prepared
from the 4-fold-concentrated stock of each compound, using the same
protocol.

Dose inhibition curves were drawn for NTZ, oseltamivir, oseltamivir
carboxylate, and zanamivir, used alone or in combination. For each drug
combination, the IC50 values were plotted against the fractional concen-
trations of the NA inhibitor and NTZ on the x axis and y axis, respectively.
IC50, IC75, and IC90 values were determined using CalcuSyn software,
which performs single- and multiple-drug dose-effect calculations and
determines the presence of antagonism, additivity, or synergism. Using
the median-effect equation, this program was used to plot dose-effect
curves for each drug and combination of drugs and to calculate the com-
bination index (CI). For two-drug combinations, in the isobologram plot,
if the combination data point (indicated with a symbol in Fig. 4 to 6) falls
on the diagonal, an additive effect is indicated; if it falls on the lower left,
synergism is indicated, whereas if it falls on the upper right, antagonism is
indicated. In addition, a CI of �1 denotes antagonism, a CI equal to 1
denotes additivity, and a CI of �1 denotes synergism. In particular, CI
values in the range of 0.1 to 0.3, 0.3 to 0.7, and 0.7 to 0.85 are considered
to indicate strong synergism, synergism, and moderate synergism, respec-
tively. The evaluation of drug synergism based on a median-effect equa-
tion has been widely employed in the literature.

RESULTS
Anti-influenza activity of nitazoxanide. The effect of treatment
with nitazoxanide (Fig. 1a) was initially investigated in MDCK
cells after infection with the A/Puerto Rico/8/1934 (H1N1) (PR8)
virus. Confluent monolayers of MDCK cells mock infected or in-
fected with PR8 virus (10 PFU/cell) were treated with different
concentrations of NTZ (0.32, 3.2, 32, and 160 ��) or vehicle
immediately after the virus adsorption period, and virus yield was
determined at 24 h p.i. by HA titration and, in parallel, by plaque
assay and TCID50 infectivity assay. At the same time, cell viability
was determined by MTT assay of mock-infected cells. NTZ treat-
ment caused a dose-dependent inhibition of virus replication, and
similar IC50s in the low (1.3 to 4.1) �M range were obtained by HA
titration, TCID50 assay, and plaque assay (Table 1). HA titration
was thus used for the following studies, unless differently speci-
fied.

As previously reported (14), the antiviral activity was indepen-
dent of the MOI used in MDCK cells (Fig. 1b and c). To investigate
whether NTZ treatment was equally effective in human cells, con-
fluent monolayers of alveolar type II-like epithelial A549 cells were
infected with PR8 virus under single-step (10 PFU/cell) and mul-
tistep (0.01 PFU/cell) growth conditions and were treated with
different concentrations of NTZ or vehicle immediately after the
virus adsorption period. Virus yield was determined at 24 h or 48
h p.i. by HA titration. As shown in Fig. 1b and c, NTZ was effective
in inhibiting IAV replication also in A549 cells under both single-
step and multistep growth conditions.

FIG 1 The anti-influenza activity of nitazoxanide is independent of the mul-
tiplicity of infection and the host cell type. (a) Structure of nitazoxanide. (b, c)
Confluent monolayers of MDCK (filled symbols) or A549 (empty symbols)
cells infected with PR8 virus, under single-step (10 PFU/cell) (b) and multistep
(0.01 PFU/cell) (c) growth conditions, were treated with different concentra-
tions of NTZ or vehicle immediately after the virus adsorption period, and
virus yield was determined at 24 h (single-step) or 48 h (multistep) p.i. by HA
titration. Data, expressed in HAU/ml, represent the means � SD from qua-
druplicate samples. Statistical analysis was performed using the Student t test
for unpaired data. *, P � 0.05; **, P � 0.01.

TABLE 1 Anti-influenza activity of nitazoxanidea

PR8 virus yield IC50 (�M) LD50 (�M) SI

HAU/ml 3.2 � 0.0 �163.0 �50.9
TCID50/ml 4.1 � 0.2 �163.0 �39.8
PFU/ml 1.3 � 0.1 �163.0 �125.4
a PR8 IAV yield was determined at 24 h p.i. by HA titration, TCID50 infectivity assay,
and plaque assay. Data are the means � SD of results from quadruplicate samples.
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In addition to PR8 virus, the antiviral activity of NTZ was in-
vestigated in MDCK cells against different influenza A strains,
including A/WSN/1933 (H1N1), amantadine-resistant A/Parma/
06/2007 (H3N2), oseltamivir-resistant A/Parma/24/2009 (H1N1),
the human vaccine strain A/California/7/2009 (H1N1pdm09),
and the avian low-pathogenicity A/chicken/Italy/9097/1997
(H5N9), A/goose/Italy/296246/2003 (H1N1), and A/turkey/Italy/
RA5563/1999 (H7N1) strains. Soon after the adsorption period,
cells were treated with 30 �M NTZ, and virus yield was deter-
mined 24 h p.i. by plaque assay. At the same time, the viability of
mock-infected cells was determined by the MTT assay. The re-
sults, shown in Fig. 2, indicate that NTZ treatment inhibited the
replication of all IAV strains tested, including the amantadine-
resistant and the oseltamivir-resistant strains, at noncytotoxic
doses (LD50s, �163 �M in all cases). Similar results were obtained
in parallel samples after determination of virus yield by HA titra-
tion (data not shown).

In a different experiment, confluent monolayers of MDCK
cells were infected with 5 hemagglutination units (HAU)/105 cells
of the different mammalian and avian IAV strains for 1 h or mock
infected. After this time, cells were treated with different concen-
trations (0.32, 3.2, 32, and 160 ��) of NTZ. At 24 h p.i., virus yield
was determined by HA titration, and the cell viability was deter-
mined by the MTT assay in mock-infected cells. As shown in Table
2, NTZ was effective against all IAV strains tested, with IC50s rang-

ing from 1 to 3.2 �M and selectivity indexes (SIs) ranging from
�50.9 to �163.

Interestingly, NTZ was equally effective against the B/Parma/
3/2004 clinical isolate (IC50 � 1 �M, SI � 163), indicating good
antiviral activity also against influenza B viruses.

Effect of the nitazoxanide and oseltamivir combination
treatment in influenza A virus-infected cells. The fact that NTZ
was shown to act at a different level than NA inhibitors (14) and
was effective against the oseltamivir-resistant A/Parma/24/2009
(H1N1) strain prompted us to investigate a possible synergistic
antiviral effect between the thiazolide and oseltamivir.

In a first set of experiments, confluent MDCK cells infected
with PR8 virus (10 PFU/cell) were treated with NTZ (10 ��) and
oseltamivir (10 ��) alone or in combination immediately after
the virus adsorption period, and virus yield was determined at 24
h p.i. by plaque assay. As shown in Fig. 3, the NTZ-oseltamivir
combination treatment was significantly more effective than
monotherapy. To confirm a synergistic antiviral effect between
the thiazolide and oseltamivir, confluent MDCK cells were mock
infected or infected with the PR8 virus at an MOI of 10 PFU/cell
and the effect of NTZ and oseltamivir used alone or in combina-
tion was first investigated under single-step virus growth condi-

FIG 2 Effect of nitazoxanide treatment against different strains of influenza A virus. MDCK cells were infected with the following influenza A virus strains:
A/Puerto Rico/8/1934 (H1N1) (PR8), A/WSN/1933 (H1N1) (WSN), A/California/7/2009 (H1N1pdm09) (CA09), oseltamivir-resistant A/Parma/24/2009
(H1N1) (OST-R), amantadine-resistant A/Parma/06/2007 (H3N2) (AMD-R), and the avian low-pathogenicity strains A/chicken/Italy/9097/1997 (H5N9)
(A/Ck), A/goose/Italy/296246/2003 (H1N1) (A/Gs), and A/turkey/Italy/RA5563/1999 (H7N1) (A/Tk). Cells were treated with 30 �M nitazoxanide (�) or
vehicle (–) immediately after the adsorption period. Virus yield was determined at 24 h p.i. by plaque assay. Data represent the means � SD from quadruplicate
samples. Statistical analysis was performed using the Student t test for unpaired data. *, P � 0.01.

TABLE 2 Antiviral activity of nitazoxanide against different strains of
influenza A virusa

Virus IC50 (�M) IC90 (�M) LD50 (�M) SI

PR8 3.2 � 0.0 26.0 � 2.5 �163.0 �50.9
WSN 1.6 � 0.2 16.3 � 2.3 �163.0 �101.9
CA09 3.2 � 0.0 20.8 � 0.0 �163.0 �50.9
OST-R 1.9 � 0.0 21.1 � 0.0 �163.0 �85.8
AMD-R 1.0 � 0.0 13.0 � 0.0 �163.0 �163.0
A/Ck 3.2 � 0.5 26.0 � 2.3 �163.0 �50.9
A/Gs 3.2 � 0.2 26.8 � 2.6 �163.0 �50.9
A/Tk 1.6 � 0.2 20.5 � 4.7 �163.0 �101.9
a Virus yield was determined at 24 h p.i. by HA titration. Data are the means � SD of
results from quadruplicate samples. PR8, A/Puerto Rico/8/1934 (H1N1); WSN,
A/WSN/1933 (H1N1); CA09, A/California/7/2009 (H1N1pdm09); OST-R, oseltamivir-
resistant A/Parma/24/2009 (H1N1); AMD-R, amantadine-resistant A/Parma/06/2007
(H3N2); A/Ck, A/chicken/Italy/9097/1997 (H5N9); A/Gs, A/goose/Italy/296246/2003
(H1N1); A/Tk, A/turkey/Italy/RA5563/1999 (H7N1).

FIG 3 Effect of nitazoxanide-oseltamivir combination treatment in influenza
A virus-infected cells. Confluent monolayers of MDCK cells infected with PR8
virus (10 PFU/cell) were treated with NTZ (10 ��) and oseltamivir (10 �M;
OST) alone or in combination (NTZ/OST), as described in Materials and
Methods, and virus yield was determined at 24 h p.i. by plaque assay. Data
represent the means � SD from quadruplicate samples. Statistical analysis was
performed using the Student t test for unpaired data. *, P � 0.01.

Belardo et al.

1064 aac.asm.org February 2015 Volume 59 Number 2Antimicrobial Agents and Chemotherapy

http://aac.asm.org


tions with a constant-ratio (IC50 ratio) two-drug combination
design using isobologram analysis according to the Chou-Talalay
method, as described in Materials and Methods. Virus yield was
determined 24 h p.i. by HA titration. A log dose-effect curve
and median-effect plot were generated for both drugs using the
CalcuSyn software (Fig. 4a). The x intercept of the median-effect
plot determines the median-effect dose (Dm), which, under the
conditions described, is equivalent to the IC50; the Dm were found
to be 4.02 �M and 4.64 �M for NTZ and oseltamivir, respectively,
when administered as monotherapy. The Dm of the two-drug
combination in a molar ratio of 3.2 to 10 resulted to be 0.57 �M
and 1.8 �M for NTZ and oseltamivir, respectively, indicating that,
when the drugs are used in combination, the doses needed to

achieve 50% viral growth inhibition were approximately 7-fold
and 2.6-fold lower than those needed in monotherapy for NTZ
and oseltamivir, respectively.

CalcuSyn-generated isobolograms based on the two drugs ad-
ministered in combination at fixed ratios are shown in Fig. 4b. The
ED50, ED75, and ED90 (50%, 75%, and 90% equipotent doses)
plots for each drug ratio fell below the line representing additivity,
indicating a synergistic effect of the drug combination on IAV
replication. CI values were calculated for all conditions. The NTZ-
oseltamivir combination treatment was synergistic, with CI values
ranging between 0.39 and 0.53 (Table 3). As determined by the
MTT assay, there was no significant difference in the viabilities of
mock-infected cells at the different drug concentrations tested

FIG 4 Analysis of the nitazoxanide-oseltamivir combination treatment in PR8 IAV-infected cells under single-step and multistep viral growth conditions.
MDCK cell monolayers were mock infected or infected with PR8 IAV at an MOI of 10 PFU/cell (a, b) or 0.01 PFU/cell (c, d) and treated as described in Materials
and Methods for analysis of drug synergism. (a, c) Median-effect curve plots for nitazoxanide (NTZ), oseltamivir (OST), and the combination of the two drugs
(NTZ/OST) were generated with the CalcuSyn software (Fa, affected fraction; Fu, unaffected fraction; D, concentration of drug used). (b, d) Conservative
isobologram plots of the combination of NTZ and OST. Dose inhibition curves were drawn for NTZ and the NA inhibitor, used alone or in combination. For each
drug, equipotent combinations of various doses (ED50, ED75, and ED90 [50%, 75%, and 90% equipotent doses] values) were determined using the CalcuSyn
software and were plotted against the fractional concentrations of NTZ and OST on the y and x axis, respectively. Combination index (CI) values, represented
by points below the lines, indicate synergy.

TABLE 3 Effect of nitazoxanide-oseltamivir and nitazoxanide-oseltamivir carboxylate combination treatments in IAV-infected cellsa

Drug Expt MOI (PFU)

CI at indicated ED in:

PR8-MDCK cells WSN-A549 cells

ED50 ED75 ED90 ED50 ED75 ED90

NTZ-OST Single step 10 0.53 0.44 0.39 0.47 0.51 0.56
Multistep 0.01 0.47 0.54 0.63 0.51 0.56 0.62

NTZ-OST-C Single step 10 0.73 0.72 0.71 0.27 0.45 0.75
Multistep 0.01 0.44 0.47 0.51 0.41 0.40 0.39

a Virus yield was determined by HA titration at 24 h p.i. for single-step and 48 h p.i. for multistep experiments. Combination index (CI) values were generated by CalcuSyn
software from duplicate samples from a representative experiment of three with similar results. NTZ-OST, nitazoxanide-oseltamivir phosphate; NTZ-OST-C, nitazoxanide-
oseltamivir carboxylate.
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(data not shown), indicating that the synergistic action of NTZ
and oseltamivir was due to their pharmacological effect and not to
increased cytotoxicity.

The effects of NTZ, oseltamivir, and combinations of both
drugs were also investigated under multistep virus growth condi-
tions, as described in Materials and Methods. Virus yield was de-
termined 24 and 48 h p.i. Median-effect curves and conservative
isobolograms (Fig. 4c and d) were plotted with the CalcuSyn soft-
ware as described for single-step virus growth experiments. Both
NTZ and oseltamivir were more effective under multistep condi-
tions than under single-step growth conditions, with IC50s of 0.9
and 4.1 �M, respectively, when administered as single drugs.
Isobologram analysis revealed that the combination of the two
drugs was synergistic, with CI values in the range of 0.47 to 0.63
(Table 3). Similar results were obtained at 48 h p.i., with CI values
ranging from 0.46 to 0.66 (data not shown). A synergistic antiviral
effect was obtained in a parallel set of experiments using the active
metabolite of oseltamivir, oseltamivir carboxylate. Isobologram
analysis revealed that the combination of the two drugs was syn-
ergistic under both single-step and multistep virus growth condi-
tions, with CI values in the range of 0.44 to 0.73 (Table 3).

To investigate whether the antiviral activity was dependent on
the cell type and the viral strain, confluent A549 cells were mock
infected or infected with WSN virus under single-step and multi-
step virus growth conditions, and the effect of NTZ and oseltami-
vir, as well as NTZ and oseltamivir carboxylate, used alone or in
combination, was investigated in a constant-ratio two-drug com-
bination design according to the Chou-Talalay method, as de-
scribed above. As shown in Table 3, the combined treatment was
synergistic under both single-step and multistep virus growth
conditions, with CI values in the range of 0.27 to 0.75. As deter-
mined by the MTT assay, also in this model, there was no signifi-
cant difference in the levels of viability of mock-infected cells at
the different drug concentrations tested (data not shown).

Synergistic anti-IAV activity of the nitazoxanide and zana-
mivir combination. To assess whether a similar synergistic anti-
viral effect could be obtained with the anti-influenza drug zana-
mivir, the effects of NTZ, zanamivir, and a combination of both
drugs were investigated under single-step virus growth condi-
tions. Confluent MDCK cell monolayers were mock infected or
infected with PR8 virus (10 PFU/cell) and treated as described in
Materials and Methods. Compounds were maintained in the me-
dium for the duration of the experiment, and virus yield was de-
termined 24 h p.i. Log dose-effect curves and median-effect plots
were generated for both drugs using the CalcuSyn software, as
described above (Fig. 5a and c). Median-effect curves and conser-
vative isobologram analysis indicated that the combination treat-
ment was synergistic, with CI values in the 0.31-to-0.48 range (Fig.
5b and d). As determined by the MTT assay, also in this case, there
was no significant difference in the levels of viability of mock-
infected cells at the different drug concentrations tested (data not
shown), indicating that the synergistic action of NTZ and zana-
mivir was not due to increased cytotoxicity.

Analysis of nitazoxanide and oseltamivir synergism in cells
infected with the avian A/Ck IAV. To investigate whether the
combination of NTZ and a neuraminidase inhibitor exerts syner-
gistic, additive, or antagonistic antiviral effects against avian influ-
enza A viruses, MDCK cells were mock infected or infected with
the avian H5N9 low-pathogenicity strain A/chicken/Italy/9097/
1997 (H5N9) and treated with NTZ and oseltamivir as described

in Materials and Methods. The antiviral activities of NTZ and
oseltamivir alone and in combination were analyzed under single-
step virus growth conditions at an MOI of 2 PFU/cell. As shown in
Fig. 6, oseltamivir was found to be more effective against the A/Ck
IAV strain than against the PR8 strain, with a Dm of 0.33 �M
when administered as a single drug. Under these conditions, the
NTZ Dm was 2.74 �M when it was administered as monotherapy,
whereas the Dm of the two-drug combination in a molar ratio
16:1 was found to be 0.33 �M and 0.02 �M for NTZ and oselta-

FIG 5 Analysis of the effect of nitazoxanide-zanamivir combination treat-
ment in PR8 IAV-infected cells. MDCK cell monolayers were mock infected or
infected with PR8 IAV at an MOI of 10 PFU/cell and treated as described in
Materials and Methods for the analysis of drug synergism. (a) Median-effect
curve plots for nitazoxanide (NTZ), zanamivir (ZAN), and the combination of
the two drugs (NTZ/ZAN) were generated with the CalcuSyn software as de-
scribed for Fig. 4a. (b) Conservative isobologram plot of the combination of
NTZ and ZAN, as described for Fig. 4b. (c, d) Median-effect doses (c) and CIs
(d) for the drugs as a single (nitazoxanide or zanamivir) or combination
(NTZ/ZAN; ratio, 16:9) treatment generated by the CalcuSyn software are
shown. Dm � IC50 (�M). Data are the means from duplicate samples from a
representative experiment of three with similar results.
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mivir, respectively, indicating that to achieve a 50% inhibition of
virus yield, much lower doses of NTZ and oseltamivir were needed
(Fig. 6a and c). Also in this model, the NTZ-oseltamivir combina-
tion treatment was synergistic, as indicated by the isobologram
analysis and the CI values, which were found to be in the 0.18-to-
0.31 range (Fig. 6b and d).

DISCUSSION

The emergence of highly pathogenic influenza A virus strains rep-
resents a serious threat to global human health. In the case of the

avian H7N9 influenza virus recently isolated in China, as of 27
June 2014, 450 total laboratory-confirmed cases have been re-
ported, resulting in 165 fatalities (22).

Efforts to control emerging influenza strains are focused on
surveillance and early diagnosis, as well as on the development of
effective vaccines and novel antiviral drugs. Of the two classes
of drugs currently available for chemoprophylaxis and treatment
of influenza, the neuraminidase inhibitors oseltamivir and zana-
mivir, as well as the novel sialic acid analogs, have prophylactic
effect but moderate therapeutic effects, whereas the M2 ion chan-
nel inhibitors amantadine and rimantadine reduce the duration of
symptoms of clinical influenza but may present major side effects
(23, 24). An additional obstacle to effective treatment of influenza
with these drugs is represented by the emergence of resistance to
both types of inhibitors. In the case of adamantanes, for example,
the Centers for Disease Control and Prevention (CDC) in the
United States reported that 100% of seasonal H3N2 and 99.8% of
the 2009 pandemic influenza samples tested for the 2008-2009
influenza season showed resistance to these drugs (25). In the case
of NA inhibitors, in 2008 to 2009 in most parts of the world,
seasonal human influenza A/H1N1 virus strains were found to
carry the H274Y amino acid substitution in the neuraminidase
gene, which causes resistance to oseltamivir (26, 27). An amino
acid change in the viral neuraminidase (NA-R292K) (N2 number-
ing) associated with high resistance to oseltamivir and peramivir
and partial resistance to zanamivir was recently found also in
some H7N9 clinical isolates (28, 29). It was also shown that the
acquisition of high-level oseltamivir resistance due to the NA-
R292K substitution does not substantially alter H7N9 IAV viru-
lence or transmissibility (29). Intriguingly, it was also demon-
strated that oseltamivir carboxylate, the excreted metabolite of
oseltamivir that can be found in sewage, may be able to confer
drug resistance to viral populations that have infected wild ducks
that live in close contact with water in affected environments (30).

For the reasons discussed above, the disease is by no means
under control, and novel antiviral drugs designed against different
influenza virus targets are urgently needed.

As indicated in the introduction, nitazoxanide is a safe, orally
bioavailable anti-infective drug licensed in the United States for
treating infections by Cryptosporidium parvum and Giardia lam-
blia in children and adults (31). In addition to treating protozoan
and bacterial infections, thiazolides have emerged as a new class of
broad-spectrum antiviral drugs (14, 32–36). We have previously
reported that NTZ and its active circulating metabolite tizoxanide
possess anti-influenza activity and have shown that the thiazolides
inhibit H1N1 IAV replication by a novel mechanism (14). As in-
dicated in the introduction, these molecules act in fact at the post-
translational level by selectively blocking the maturation of the
viral hemagglutinin at a stage preceding resistance to endoglyco-
sidase H digestion and impairing HA intracellular trafficking and
insertion into the host cell plasma membrane, a key step for cor-
rect assembly and exit of the virus from the host cell (14). Re-
cently, NTZ was found to be effective against influenza A
(H3N2) variant [A (H3N2)v] viruses that share the A
(H1N1)pdm09 M gene, containing the marker of M2 blocker re-
sistance, S31N (37).

We now report that nitazoxanide is effective against a variety of
human and avian influenza A virus strains, including an H7N1
avian IAV strain. We also show that the drug is effective against an
amantadine-resistant IAV strain, A/Parma/06/2007 (H3N2), and

FIG 6 Analysis of NTZ and oseltamivir synergism in cells infected with the
avian A/Ck influenza A virus. MDCK cell monolayers were mock infected or
infected with the avian A/Ck IAV strain at an MOI of 2 PFU/cell and treated as
described in Materials and Methods for the analysis of drug synergism. (a)
Median-effect curve plots for nitazoxanide (NTZ), oseltamivir (OST), and the
combination of the two drugs (NTZ/OST) were generated with the CalcuSyn
software as described for Fig. 4a. (b) Conservative isobologram plot of the
combination of NTZ and OST, as described for Fig. 4b. (c, d) Median-effect
doses (c) and CIs (d) for the drugs as a single (nitazoxanide or oseltamivir) or
a combination (NTZ/OST; ratio, 16:1) treatment generated with the CalcuSyn
software are shown. Dm � IC50 (�M). Data represent the means of results
from duplicate samples from a representative experiment of three with similar
results.
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an oseltamivir-resistant strain, A/Parma/24/2009 (H1N1). This
last finding prompted us to investigate whether nitazoxanide
could exert synergistic antiviral effect against IAV when given in
combination with a neuraminidase inhibitor.

In fact, combination chemotherapy with two or more drugs
that target different influenza proteins or host factors may repre-
sent an attractive approach for counteracting drug resistance and
overcoming the limitations of monotherapy. In addition, multi-
ple-drug therapy may enhance clinical outcomes by allowing a
reduction of individual drug doses, thus decreasing dose-related
drug toxicity (38).

Combination therapy studies were therefore undertaken to in-
vestigate the effect of NTZ when administered in combination
with oseltamivir or zanamivir, using as a model the H1N1 PR8
IAV strain in MDCK cells; the results were analyzed using
isobologram analysis according to the Chou-Talalay method
and CalcuSyn software for dose-effect analysis and synergism/
antagonism quantification (18–21). The NTZ-oseltamivir combi-
nation treatment resulted in synergism, with CI values ranging
between 0.39 and 0.63, independently of the MOI used. There was
no significant difference in the levels of viability of mock-infected
cells at the different drug concentrations tested, indicating that the
synergistic action of NTZ and oseltamivir could not be ascribed to
increased cytotoxicity. In addition, a synergistic antiviral effect
was achieved using NTZ in combination with oseltamivir carbox-
ylate in the same model and in human A549 cells infected with
A/WSN/1933 (H1N1) IAV under single-step and multistep virus
growth conditions.

A synergistic antiviral effect was obtained also when NTZ was
administered in combination with zanamivir. Median-effect
curves and conservative isobologram analysis indicated that the
NTZ-zanamivir combination treatment was synergistic, with CI
values in the 0.3-to-0.48 range.

Finally, to investigate whether the combination of NTZ and
NA inhibitors could exert a synergistic antiviral effect also against
avian influenza A viruses, a similar set of experiments was per-
formed using the avian low-pathogenicity H5N9 A/Ck IAV strain
in MDCK cells. Also in this experimental model, the NTZ-oselta-
mivir combination treatment was synergistic with CI values in the
0.18-to-0.31 range.

In addition to in vitro studies (14, 37), a randomized double-
blind, placebo-controlled phase 2B study in adults and adoles-
cents with acute uncomplicated influenza recently showed the an-
ti-influenza activity of nitazoxanide (39). This study also indicated
that concentrations of the nitazoxanide metabolite tizoxanide of
2 to 60 �g/ml, efficacious for IAV infections in vitro, are achieved
in the plasma of patients treated with 300 to 600 mg nitazoxanide
twice daily for 5 days (39).

It should be pointed out that the results described herein were
the basis for designing the clinical study protocol of NTZ in the
treatment of uncomplicated influenza A and B, which is in late
phase 3 clinical trial in the United States, Canada, Australia, and
New Zealand, supported by the U.S. Department of Health and
Human Services and managed by the Biomedical Advanced
Research & Development Authority (BARDA). The study (the
ClinicalTrials.gov identifier is NCT01610245) is a double-blind,
placebo-controlled study of 2,000 adults and adolescents from 12
to 65 years of age, one of the largest phase 3 clinical trials ever
conducted for the treatment of acute uncomplicated influenza,
comprising a combination of anti-influenza drugs.

The new finding described herein that nitazoxanide exerts syn-
ergistic antiviral activity against human and avian influenza vi-
ruses when given in combination with oseltamivir or zanamivir
reinforces the concept that thiazolides may provide an important
new addition to the arsenal of drugs used for chemoprophylaxis
and treatment of influenza.
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